






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































reasons is that if such a phase can be found, its properties can be studied in domestic laboratories. Its existence is
a reasonable possibility since it is shown [3] that given suitable coupling constants, the Nambu Jona-Lasinio (NJL)
phase in which h0 j

  j 0i 6= 0 changes into a superconducting phase as the baryon (or quark) density is raised. The
empirical need for such an assumption will be discussed in the conclusion parts of the paper rather than in this section
since most of the individual phenomenon considered has its own explanation in terms of conventional picture with
various degrees of success. We are interested in a search for a consistent explanation of the observatoins. Motivated
by these considerations, we explore some of the phenomenological consequences of a possibility in which the interior
of a nucleon contains diquark condensation [4], which is enhanced in a nucleus, that spontaneously breaks the chiral
symmetry.
The model dependency of the discussion is reduced as much as possible. For that purpose, we classify the sponta-






, into categories characterized
by their order parameters introduced in Ref. [3], which are generic in nature. The NJL phase is characterized by a














and possibly a non-vanishing . The generality of the discussion allows the results to be applied to any model with a
similar phase structure as the one obtained in Ref. [3].
The paper is organized in the following way. In section 2, a chiral Ward-Takahashi identity is studied by presenting
the main results. Section 3 deals with the perturbation of a small current quark mass term in the Lagrangian. Under
the assumption that there is a diquark condensation inside a nucleon, we investigate in section 4 the necessity and
the consequences of a modication of the PCAC relation and related current algebra results. A comparison with
experimental data is made. Section 5 contains a summary and an outlook.









































where the initial and nal state (8-component) quark spinors are suppressed and q






in the following are Pauli matrices acting on the upper and lower 4-components of the
8-component spinor 	 [3] and 
a
(a = 1; 2; 3) is one of the Pauli matrices acting on the avor indices of 	. The
radiative part of the axial vector current vertex ,
5a


















































is the self-energy term (without the contribution to the wave function









is the total antisymmetric Levi-Civita tensor in the















6= 0 and possibly  6= 0, Eq.2 implies that ,
5a

contains a massless Goldstone boson pole due to the fact
that its right hand side (r.h.s.) is nite in the q

! 0 limit. The appearance of this massless pole in the physical
excitation spectrum following the spontaneous chiral symmetry breaking is required by the Goldstone theorem.
The chiral Ward-Takahashi identity Eq.2 can determine various properties of the chiral Goldstone boson. We shall










= 0 and  = 0 that has not been discussed in the literature to







































=(q). The denominator (q)









































































































we can obtain the value of a

, the Goldstone diquark-quark coupling constant g
q
and the Goldstone diquark decay
constant f

by separating out the massless pole in ,
5a

, which can be approximately evaluated by using an one loop




































































where H:c: stands for the hermitian conjugation, Tr stands for the trace operation in the Dirac, avor, color and upper
and lower 4-component spaces of 	 and the color indices are suppressed. It can be noticed that the symmetry factor [5]
for the Feynman diagram is dierent from the 4-component theory for fermions. After a lengthy process of evaluating







[5] as functions of 
2
. The numerical values for them are shown in Figs. 1-3. A Goldberger-Treiman








, which also denes
the scale of f

.
III. SMALL CURRENT QUARK MASS PERTURBATION




symmetry has non{trivial physical
consequences. For simplicity, we shall assume that both the up and down current quarks have an identical mass m
0
.
Some of the consequences of a nite mass for light quarks can be studied base on the Ward-Takahashi identity given

































































































	 and the subscript \amp" denotes the amputation of external
fermion lines. F

is a scalar function.




= 0) is dominated by the pion pole, the mass of the pion moves to
a nite value, provided that to the rst order in m
0




=  and the Gell-Mann,













		j 0i hold. This can be checked by evaluating the r.h.s. of













































































). If the above mentioned Goldberger-Treiman relation




= 0) << 1=m
2

, the r.h.s. of Eq.11 vanishes at q
2






= 0. It implies the disappearance of the massless pole in ,
5a

as well as in the physical spectrum.
In the superconducting phase where 
2
6= 0 and possibly  6= 0, the situation is more complicated. In this case, 
term on the r.h.s. of Eq.8 takes the following form
 =




















for the current quarks in this case does not render the r.h.s. of Eq. 8 vanish when q

! 0. There always
remains a nite strength of the massless excitation in ,
5a













is explicitly broken by m
0
. There is no GOR type of relation for the Goldstone diquark in the superconducting phase.










) [3] is needed to represent the
Goldstone boson excitation in the superconducting phase even when m
0
6= 0 and  = 0. The above mentioned mixing
provides us with one of the motivations for the following extension of the PCAC relationship.
IV. THE EXTENSION OF THE PCAC RELATION AND CURRENT ALGEBRA RESULTS
The present day large scale strong interaction vacuum is expected to be in the NJL phase. There are a few obvious
reasons for this statement. First, the overwhelming color connement at the present day condition prevents the
large scale superconducting phase in the strong interaction vacuum scenario from been acceptable. Second, the long
range strong interaction force in the superconducting phase due to the massless Goldstone diquark excitation inside
the hadronic system is absent in the experimental observations. However, localized superconducting phases inside a
baryonic system are not implausible possibilities.
Due to the above consideration and the one given in the introduction, we explore in this section a subset of the
phenomenological consequences of the possibility in which the interior of a nucleon contains diquark condensation




symmetry down to an isospin SU (2)
V
symmetry. The study of




















































on the r.h.s. of Eq. 14 is dominated by the contribution of the Goldstone bosons of the spontaneous chiral symmetry












































. If, however, the assumption
that there is a diquark condensation inside a nucleon is made, there world be another longitudinal term in the matrix
elements of the axial vector current operator due to the Goldstone diquark excitation inside that nucleon. The
expression for g
P








































after considering this additional excitation. Here (q
2
) is related to the propagator of the Goldstone diquark excitation
and z

is a constant. Similar to the pion, we introduce g
N
as the Goldstone diquark-nucleon coupling constant and
f

as the Goldstone diquark decay constant. Albeit there is massless excitation in ,
5a

, there is no pole behavior in
(q
2
) in the small q

region due to the fact that a Goldstone diquark carries color so that it is conned inside the
nucleon.















It can be regarded as a denition of the pion eld in the low energy regime (when going o the pion mass shell).
Taking the matrix elements of Eq. 17, it can be shown that this denition is inconsistent with Eq.16 due to the
additional term added to g
P
. We have at least two choices. The rst one is to reject Eq.16, which we shall not do in







































a pseudo-scalar [9] driving eld for the Goldstone diquark
excitation inside the nucleon.
The r.h.s. of Eq.18 is assumed to be dominated by the chiral Goldstone boson contributions in the sequel. The















































































. The slow varying assumption of these quantities together with the




) in Eq.16 is unimportant in the small q
2
regime.













is assumed on the r.h.s. of the second equation of Eqs.19, 20 and q
2








































Assuming the results of Ref. [1] can be used in the time like region for q

















 1% with M
A
 1GeV [1].
The Goldberger-Treiman relation is satised to about 5% in experimental observations. This good agreement


























) term on the pion mass shell actually vanishes since (q
2
) does not has a pole in the
low q

region. However, a small value for the (q
2
) term does not follow from the success of the Goldberger-Treiman
relation.
The eects of the Goldstone diquark inside a nucleon, if exist, might be comparatively large in the kinematic region
o the pion mass shell. Current experimental data considered do not allow any conclusive statement to be made on
this point. The value of g
P
can be compared to the PCAC value (Eq.15) to detect the possible eects of the Goldstone
diquark. Experimental determinations of g
P
for a nucleon in muon capture experiments involving light nuclei show a
systematic increase (of order as large as 100%) of the value of g
P
from its PCAC one [10]. The world average value
of g
P
obtained from the muon capture experiments on a hydrogen is close to the one given by the PCAC one [11].
However, the interpretation of the results is not unambiguous (Ref. [11] and Gmitro and Truol in Ref. [10]). There
are two recent measurements of the muon capture rate on the deuterium. The central value of the rst measurement
[12] implies a value of g
P
smaller than the PCAC one [13]. The central value of the second measurement [14] implies
a value of g
P
close to the PCAC one [13]. The problems related to the value of g
P
are not yet completely settled [15].
Polarized  decay experiments oer alternative means of measuring the value of g
P
in a dierent range of q
2
[16].















each other (see Eqs.19, 20) if there are Goldstone diquark excitations inside a nucleon. More and better experimental
data are needed to investigate such a deviation.
Theoretically, the agreement of the PCAC value for g
P
and the experimentally measured one is expected for a
nucleon in free space. This is because Eq.19 implies the deviation of g
P
from the PCAC one is related to the deviation






from the experimentally observed ones, which is not true. Indeed, a recent experimental





the system in which a deviation of the strength of longitudinal modes in the axial vector current operator from the
PCAC one can be observed is inside a nucleus with relatively large number of nucleons. In these systems, the coupling
between the pions outside of the nucleons and the Goldstone diquark excitations inside the nucleons could render the
properties of pions to change to such a degree that a deviation from PCAC value can be observed.
5
The modication of some of the current algebra results related to PCAC due to a possible Goldstone diquark
excitation inside a nucleon can also be investigated. The Adler-Weisberger sum rule and the nucleon 
N
term will be
studied in this paper base on a Ward identity involving the axial vector current operator [19{21]. In order to obtain
useful information, the low lying longitudinal excitation contributions and the rest part of the axial vector current
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: : :)i ; (22)
with the second and the third terms on the r.h.s. the longitudinal parts of A
a

, which is dominated by the low lying





, which is expected to change slowly with the momentum transfer q

when its matrix elements are taken between nucleon states, containing the rest part of A
a

. The matrix elements are





that connect nucleon states by a gradient{coupling [24] are then
extrapolated to the kinematic point where q
2
= 0 in order to compare with experimental data by taking the advantage
that they are slow varying function of q
2







There are contributions from other o (nucleon) shell terms and baryonic excitations in the intermediate states; they













































































, without the amputation of the diquark lines.
The value of g
A
from nuclear  decay experiments is 1:2610:004 [22]. The value of the same quantity obtained from
the Adler-Weisberger sum rule using pion nucleon scattering cross section (and after estimating other corrections)
is about 1:24 0:02 [19]. These two numbers, with a central (g
A
  1) value deviation of order 10%, barely overlap.
Again, the contribution of the second term on the r.h.s. of Eq. 23 is expected to be zero on the pion mass shell.
Therefore the good agreement of the Adler-Weisberger sum rule with the observation does not necessarily constitute
a fact that is against the additional terms added in Eqs. 18 and 22.
The expression for the nucleon 
N
term, which is of order m
0


















































related to the isospin even forward Goldstone diquark-nucleon scattering amplitude without the amputation
of the diquark lines. The second term on the r.h.s. of Eq.24 vanishes on the pion mass shell. Experimental verications
of Eq.24 (without the second term on its r.h.s.) have so far been unsuccessful without assuming certain strange quark
content of a nucleon, which is discouraged by the OZI rule [23]. A recent review of the nucleon 
N
problem can be
found in Ref. [26]. There is still a sizable discrepancy [26] of order 25% between the one obtained from the pion-nucleon
scattering data (45MeV ) and the one obtained from other available sources (35MeV ). The problem is still not well
understood.
It should be pointed out here that an additional source of correction need to be considered to relate 
N
, which is
proportional to the scalar density of the nucleon on the Cheng-Dashen point [26], to 
N
related to the scalar density of
a nucleon. In the Hartree-Fock approximation, the static scalar density measured by  is free of radiative corrections
due to the fact that it satises a \gap equation", which self-consistently adjust the radiative corrections to  to zero
(cancel) by changing its value. This can be proven in the case that  is space-time independent [5]. We expect it to
be true also for 
N





















(0) = 25MeV can be obtained from the baryon spectrum
[26]. 
N
contains various corrections to the extrapolation. If there is diquark condensation in a nucleon, there would
be contributions to 
N
that are proportional to 
2
coming from the interaction terms. The existence of such a
term can be demonstrated at the quark level by considering a second order correction to 
N
due to the interaction,



















j pi, with , and

, a pair of the interaction vertices.
This term contains 
2
contributions if there is diquark condensation inside a nucleon [28]. Detailed evaluation of
6


















is related to the total correction that has already been considered in the
literature (see, e.g., Ref. [26]). The new term depending on 
2
N
is due to the possible diquark condensation inside a





. It is unclear at present whether the additional term increases
(
N
< 0), decreases (
N
> 0) or even eliminates the above mentioned discrepancy.
V. SUMMARY AND OUTLOOK
A natural way of extending the PCAC relationship beyond the conventional one is presented in this study. For






 1 GeV ) the matrix element of the axial vector current operator is dominated by the





symmetry and 2) the contribution of those less collective hadronic excitations, which have masses
of order 1 GeV or larger, are relatively small.
From the analysis given above, it can be seen that the eects of a possible Goldstone diquark mode inside a nucleon
are suppressed in the kinematic regime where pion is on its mass shell. The eects of such an excitation mode, if
exist, could be revealed in the kinematic region o the pion mass shell, where the simple pion pole behavior of certain
observables is modied in such a way that can not be explained by conventional pion pole saturation assumption for
the divergence of the axial vector current operator. They can be observed in, e.g., high precision  decay [16,27],
 capture experiments [10,13,15] and in experiments that can compare the momentum transfer dependencies of g
A
,





For a large nucleus, in which the nucleons are close together, the eects of the diquark condensation and Goldstone
diquarks are expected to be enhanced. The enhancement of the diquark condensation can be attributed to the increase
of the volume and baryon density of the system; the enhancement of the eects of the Goldstone diquarks is due to
their coupling to the pions outside the nucleons. These eects could shed some light on the question [29] of missing
pions, quark number depletion in a nucleus and violation of Gottfried sum rule [30] in a nucleon. Due to the novel
nature of the superconducting phenomena in a relativistic massless fermion system, a quantitative study depends rst
on a model for a nucleon, which is still under investigation, we provide a qualitative picture in the following since if
we make the assumption that there is a diquark condensation in a nucleon which is enhanced in a nucleus then the
general trend of these phenomena follow quite naturally. Detailed study will be given elsewhere.
The lack of polarization eects observed in Refs. [31] and [32] can be explained, together with other many body
eects, by a reduction of pionic eects from its vacuum ones due to an enhancement of contribution of the second
term on the r.h.s. of Eq. 20 resulting from the increased Goldstone diquark excitation strength inside a nucleus. The
missing polarization phenomenon observed in pion nucleus scattering process is due to cancellation between various
components of nucleon{nucleus scattering [33], it is premature to make any denite statement at this point. It is the
question of overall consistency rather than tting of a single experimental observation that prevent us from doing so
here.
The depletion of quark number can be related to the missing or spreading of the isoscalar part of the electrical
charge of the partons in the superconducting phase discussed in this paper [5]. This phenomenon is known in the study
of superconducting condensed matter system [34]. In such a case, the electric charge of some [5] of the partons, which
are the up and down quarks, have only isovector charge 1=2 in the limit of large strength of diquark condensation.
Therefore if there is a diquark condensation that generates a localized superconducting phase in a nucleon, the F
2
(x)

























here 0  
i
 1 characterizes the strength of the superconducting phase. In case of strong superconductivity, which














(x) in the deep
inelastic scattering experiments shows such a tendency manifests in the violation of Gottfried sum rule [30]. One of
the interpretation is that there is an isospin violation in the sea [35] due to pionic collective excitation. If we use
7
the normal electrical charges for the up and down quark, then there is a reduction of f
i
(x), which is interpreted as a
violation of the Gottfried sum rule.
In a large nucleus, the eects of diquark condensation are expected to be enhanced; this in general produces the
depletion of quark number observed in the EMC eects in a nucleus, which is related to a (enhanced) violation of
Gottfried sum rule in the picture given here, since the antiquark components in a nucleus is known to be small in
experimental observations [36,37]. It is generally accepted that the EMC eects are still not well understood [38].
A detailed study of the eects of these soft longitudinal modes and that of spreading of the isoscalar part of the
charge of constituent quarks is beyond the scope of this paper. The above study shows that a coherent picture seems
to be emerging if the assumption of a diquark condensation is made. It is an interesting topic to be explored.
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FIGURE CAPTIONS




.  is the chiral symmetry breaking scale. In order to obtain a smooth curve, the
sharp cut o in the Euclidean momentum space integration is replaced by a smooth one. The functional dependence




) is plotted on the same graph. Since a

> 1, a Goldstone diquark can only propagates







in the direction of
~
 in the frame where 
0
= 0.
Figure 2: The 
2
dependence of the quark-diquark coupling constant g
q
. The same smooth Euclidean momentum
space cut o as the one used in Fig. 1 is used.
Figure 3: The 
2
dependence of the Goldstone diquark decay constant f

. The same smooth Euclidean momentum
space cut o as the one used in Fig. 1 is used.
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